Introduction
The human homologue of the v-mpl oncogene, c-mpl, encodes a member of the hematopoietic receptor superfamily that shows in the extracellular domain a high amino acid sequence homology with the erythropoietin receptor and with the common ␤ subunit ( ␤ c ) of the interleukin 3 (IL-3), interleukin 5 (IL-5), and granulocyte macrophage colony-stimulating factor (GM-CSF) receptor (1) . The wide range of leukemias caused by v-mpl and the expression of c-mpl transcript in a large number of cells of hematopoietic origin (2) strongly suggested that c-mpl could play a functional role in hematopoiesis. Direct evidence that the c-mpl is involved in hematopoiesis has been provided recently by several groups, with its identification and with the cloning of its ligand (3) . The in vitro and in vivo biological effects of c-Mpl ligand, also termed thrombopoietin (TPO), 1 demonstrated that this cytokine has thrombopoietic and megakaryocytopoietic functions (3) (4) (5) (6) (7) . In addition, recent studies have shown that TPO can directly modulate the response of platelets to several stimuli and can thereby modulate their hemostatic potential (8) (9) (10) . Although TPO has been defined as a lineage-specific late-acting growth factor, early works reported that this factor also exerts a minimal effect on the erythroid and granulocytic population (5) . Moreover, the observation that early hemopoietic progenitor cells express c-mpl (11) and the recent demonstration that TPO also has the ability to enhance the proliferation of early erythroid progenitors (12) and to directly affect erythroid differentiation (13) suggest that TPO can also play a role outside the megakaryopoietic lineage.
It is known that hemopoietic growth factors, in addition to supporting proliferation and differentiation of hemopoietic progenitors (14) , play an important role in host defense by enhancing the functional activity of mature leukocytes (15) . On the PMN, for instance, GM-CSF induces surface expression of both chemotactic receptors and adherence proteins (16) as well as oxygen radical production (15) . Moreover, GM-CSF and G-CSF also exert indirect effects on PMN by priming these cells for enhanced responses to a variety of inflammatory agonists (15) . Biochemical studies have demonstrated that the tyrosine phosphorylation of intracellular molecules and the activation of tyrosine kinases play an important role in mediating PMN functional activation induced both by physiological agonists and growth factors (17) . c-Mpl receptor, which belongs to the hemopoietic growth factor receptor superfamily (1) , is devoid of intrinsic tyrosine kinase activity. However, ligand binding characteristically induces tyrosine phosphorylation of multiple intracellular proteins, a requisite event for the initiation of signal transduction (18). As with other related hematopoietic growth factor receptors, ligand-activated c-Mpl triggers the phosphorylation of several transducing molecules, including Vav, c-Cbl, PI-3 kinase (19) , MAPK (8), Shc, and its association with Grb2 (20, 21) , JAK2 (20) (21) (22) , and members of the signal transduction and activators of transcription (STATs) STAT1, STAT3, and STAT5 (19) (20) (21) (22) (23) (24) .
The aim of this study was to investigate the effects of TPO on PMN functional activation. We found that PMN express c-Mpl and that TPO induces in these cells the formation of a serum inducible element (SIE) complex containing STAT1 but not STAT3. Moreover, we demonstrated that TPO primes the response of PMN to n -formyl-met-leu-phe (FMLP) by inducing an early oxidative burst with production of several O 2 Ϫ metabolites, and that TPO, by itself, stimulates PMN to release and to produce interleukin 8 (IL-8).
Methods
Reagents. RPMI 1640 medium (Gibco Laboratories, Grand Island, NY) and bovine calf serum were from Hyclone Laboratories (Logan, UT Antisera. Affinity-purified polyclonal anti-c-Mpl antibody was prepared from serum of a rabbit immunized against a GST-fusion protein, containing the amino acid sequence corresponding to residues 519-568 (GenBank accession No. M90102), as described previously (25) . The cDNA encoding the GST-fusion protein with the intracytoplasmic portion of the c-Mpl was generated by ligating the PCR fragment, which introduces a novel restriction endonuclease site EcoRI of the c-mpl, into the EcoRI site of pGEX-5X vector (Pharmacia Biotech Inc., Alameda, CA).The oligonucleotides, used to introduce the novel restriction endonuclease site EcoRI of the c-mpl, were TGG CAG TTT CCT GAA TTC TAC AGG AGA CT and CTT GGG GAG GAA TTC AAG GAG GCT. The GST-fusion proteins were expressed in Escherichia coli , and protein was purified as described (26) . Polyclonal antibodies to p91 were produced in rabbits by injection with a synthetic peptide corresponding to the sequences of 84-96 residues of human transcription factor ISGR-3 (accession No. M97935): RKSKRNLQDNFQEDC (27) . The 4G10 and PY20 antiphosphotyrosine antibodies were obtained from Upstate Biotechnology, Inc. (Lake Placid, NY) and from Affinity Research Products Ltd. (Nottingham, United Kingdom), respectively. Anti-STAT3 antiserum was purchased from Affinity Research Products Ltd.
Cells. Human PMN were isolated from venous blood of healthy donors by gelatin sedimentation (2.5% gelatin in PBS, pH 7.2, for 30 min at 37 Њ C) followed by Ficoll-Hypaque gradient separation. Contaminating erythrocytes were removed by hypotonic lysis and the cells were resuspended in RPMI 1640 medium at the final concentration of 1 ϫ 10 6 /ml. The percentage of neutrophils in cell preparation used in this study was 95-97%. The cell viability as determined by trypan blue exclusion was 96-98%. A431 cells were maintained in RPMI 1640 medium supplemented with 10% bovine calf serum and serumstarved overnight before being treated with rhEGF (100 ng/ml).
Western blot analysis and immunoprecipitation studies. PMN (40 ϫ 10 6 ) were preincubated for 2 min with or without TPO (10 ng/ml) and then incubated with FMLP (100 nmol/liter) or the vehicle alone at 37 Њ C for 2 or 5 min. In selected experiments PMN were pretreated with vanadate (200 mol/liter) for 10 min before the incubation with TPO and FMLP. PMN were then extracted with cold DIM buffer (50 mmol/liter Pipes, pH 6.8, 100 mmol/liter NaCl, 5 mM MgCl 2 , 300 mmol/liter sucrose, 5 mmol/liter EGTA, 2 mmol/liter sodium orthovanadate) plus 1% Triton X-100 and a mixture of protease inhibitors (1 mmol/liter PMSF, 10 g/ml leupeptin, 0.15 U/ml aprotinin, 1 g/ml pepstatin A) for 20 min at 4 Њ C, and centrifuged at 15,000 g for 20 min. The clarified supernatant was precleaned for 1 h with 50 l of Sepharose-protein A (3 mg/sample). The protein concentration of PMN lysates was determined by the Bradford technique and the protein content of the samples was normalized to 250 mg/sample by appropriate dilution with the cold DIM buffer. The samples were then adsorbed by antisera coupled to Sepharose-protein A. Bound proteins were washed several times in DIM buffer and eluted in boiling Laemmli buffer. 30 l of eluted proteins was subjected to 8% SDS-PAGE. Proteins were then transferred electrophoretically to nitrocellulose; the filters were incubated with blocking solution (10% low fat milk in 20 mmol/liter Tris-HCl, pH 7.6, and 17 mmol/liter NaCl) for 1 h. Antisera were then added at the same solution, and the incubation was carried out for 2 h at room temperature. For detection, the filters were washed three times (10 min each wash) with PBS, 0.05% Tween 20 and reacted for 1 h at room temperature with horseradish peroxidase-conjugated protein A. The enzyme was removed by washing as above. The filters were reacted for 1 min with a chemiluminescence reagent (ECL) and exposed to an autoradiography film for 1-15 min. To reprobe, nitrocellulose filters were first stripped of antibody by 62 mmol/liter Tris-HCl, pH 6.7, 2% SDS, 100 mmol/liter B2-mercaptoethanol.
Preparation of nuclear extract and gel retardation assay. Nuclear extracts from untreated and TPO-treated PMN and from untreated and EGF-treated A431 cells were prepared by Nonidet P-40 lysis as described by Sadowski and Gilman (28). The oligonucleotides used were G GGG CAT TTC CCG TAA ATC and G GGG GAT TTA CGG GAA ATG (27) . The annealed oligonucleotide was labeled by filling in the overhanging ends with Klenow fragment in the presence of [ ␣ -
32 P]dCTP. Gel retardation reactions were performed in 13 mmol/liter Hepes, pH 7.6, 80 mmol/liter NaCl, 3 mmol/liter NaF, 3 mmol/liter NaMoO 4 , 1 mmol/liter DTT, 0.15 mmol/liter EDTA, 0.15 mmol/liter EGTA, and 8% glycerol (including contribution from the nuclear extract) and contained 75 g/ml poly(dIdC):poly(dIdC), ‫ف‬ 0.3 ng of radiolabeled probe, and 5-10 g of protein.
Reactions were carried on at room temperature for 40 min and then resolved on 4% polyacrylamide gels containing 0.25 ϫ TBE (1 ϫ TBE is 89 mmol/ liter Tris borate, 1 mmol/liter EDTA, pH 8) and 5% glycerol. Gels were run at 4 Њ C in 0.25 ϫ TBE at 20 V/cm, dried, and autoradiographed. Oligonucleotide competition was performed by preincubating nuclear extracts with the competitor oligonucleotide (50-fold excess) and poly(dIdC):poly(dIdC) for 30 min at room temperature before the addition of labeled probe. Gel mobility-shift assays were done with nuclear extract that had been reacted for 1 h at 4 Њ C with the indicated antibodies.
Experimental protocol. The direct effect of TPO on the production of oxygen metabolites or IL-8 by human PMN was evaluated. In the absence of direct effect, as in the case of the production of oxygen metabolites, the ability of TPO to prime PMN response to FMLP was also evaluated. The priming effect of TPO was evaluated ( a ) in experiments of costimulation where TPO and FMLP were mixed within the experimental vials immediately before the addition of PMN and ( b ) in experiments where TPO was preincubated with PMN for various periods of time before the addition of FMLP. The priming index (PI) was calculated, as previously described (8), as the response to TPO and FMLP together divided by the sum of the individual stimulus response. By this calculation, PI Ͼ 1 indicates synergism, PI ϭ 1 indicates additive response, and PI Ͻ 1 indicates inhibition.
Superoxide anion (O 2 Ϫ ) assay. Production of O 2 Ϫ was measured as the superoxide dismutase inhibitable reduction of ferricytochrome c . PMN were incubated at 37 Њ C with Tyrode's buffer containing 80 mM cytochrome c and appropriately stimulated at the specified time. Basal O 2 Ϫ production was assessed in the absence of stimulating factors. Supernatants were removed and centrifuged, and the absorbance was measured in a spectrophotometer at 550 nm. The extinction coefficient of ferricytochrome c at 550 nm was taken as 2.1 ϫ 10
. Protein content of the PMN was measured by the Lowry technique. O 2 Ϫ production was expressed as nM of cytochrome c reduced/mg protein/time (29).
Chemiluminescence. Luminol (50 mM) enhanced chemiluminescence was measured on 2 ϫ 10 6 PMN suspended in Hepes-buffered Krebs medium containing 0.05% BSA using an LKB 1250 luminometer. Data are expressed in mV (30) .
Determination of IL-8. PMN were incubated with stimuli at 37 Њ C and supernatants were recovered after various times. 
Results

PMN express the TPO receptor.
Previous studies have shown that TPO receptor, c-Mpl, is expressed in the megakaryocytic lineage from late progenitors to platelets as well as in a few leukemic cell lines (31) . The observations that TPO effects are not restricted to the megakaryocytic lineage (32, 33) suggest that c-Mpl may be expressed in other cell types of the hemopoietic system. In this study, we first evaluated c-Mpl expression in PMN. Cell lysates from PMN or platelets were immunoprecipitated with an anti-c-Mpl antiserum raised against the intracellular domain of the receptor or with a preimmune serum. The eluted proteins were subjected to 8% SDS-PAGE and the filter was immunoblotted with the same antiserum. The results shown in Fig. 1 demonstrate that the anti-c-Mpl antiserum was able to recognize TPO receptor both in platelets and in PMN but not in platelets that were immunoprecipitated with the preimmune serum.
TPO induces STAT1 tyrosine phosphorylation in human PMN. Previous studies have shown that TPO activates JAK-STAT signal transduction pathway both in a human growth factor-dependent cell line and in platelets (21, 22) . To assess whether STAT1 was also activated in TPO-treated PMN, unstimulated and TPO-stimulated cells were immunoprecipitated with anti-STAT1 antiserum. The results of the experiments reported in Fig. 2 A demonstrated that treatment of mature PMN with TPO induces STAT1 tyrosine phosphorylation. Moreover, kinetic analysis demonstrated that both tyrosine phosphorylation and dephosphorylation were rapid since STAT1 tyrosine phosphorylation was evident after 5 min of incubation with TPO and was completely abrogated after 15 min (Fig. 2 B ) . The effect of TPO was dose dependent as it became detectable at the dose of 0.1 ng/ml and reached its maximum at the dose of 10 ng/ml (data not shown).
Formation of DNA-protein complex in nuclear extract of TPO-treated and untreated PMN. We have demonstrated previously that, in PMN, GM-CSF induces STAT1 and STAT3 tyrosine phosphorylation and the formation of a DNA-protein complex with the SIE of c-fos containing both STATs proteins (27) . Gurney et al. demonstrated that TPO is also able to induce c-fos gene transcription by activating STAT proteins (20) . The tyrosine phosphorylation of STAT1 observed in TPO-stimulated PMN prompted us to evaluate, by gel retardation assay, the formation of SIE complex in nuclear extracts from untreated and TPO-treated PMN. The results reported in Fig. 3 A demonstrate the presence of a band of SIE binding activity that could be specifically blocked by competition with unlabeled SIE (Fig. 3 A ) , but not by other unrelated oligonucleotides (data not shown). To extend the above data, supershifted experiments were performed with antibodies against STAT1 and STAT3 to determine whether one or both proteins were present in TPO-induced SIE complex. As shown in Fig. 3 B , the supershifted assay demonstrated that the TPOinduced complex did not react with STAT3. By contrast, the anti-STAT1 antibody altered the apparent mobility of the DNA-protein complex, indicating the presence of an immunoreactive STAT1 protein in the extract of TPO-treated PMN. The addition of both anti-STAT1 and STAT3 antibodies to the nuclear extracts from EGF-stimulated A431 cells used as control altered the mobility of the EGF-induced complex, as reported previously (34) .
Effect of TPO and FMLP on the production of oxygen metabolites. TPO by itself did not induce significant generation of oxygen-derived metabolites at all concentrations tested (0.5-15 ng/ml). However, when added concomitantly with FMLP, TPO induced a rapid enhancement of chemiluminescence and O 2 Ϫ production by PMN. As shown in Fig. 4 , the priming effect was dose dependent. The minimal priming dose of TPO in costimulatory experiments with FMLP was 5 ng/ml. Priming reached a plateau at 10 ng/ml. Moreover, by increasing the time of preincubation with TPO, an enhancement of PMN priming was observed (Fig. 5) . Indeed, the minimal priming dose of TPO was found to be 1 ng/ml after pretreatment of PMN for 15 or 30 min. All these effects of TPO were abrogated by 5 min of boiling. The priming was never observed when PMN were incubated with the vehicle alone instead of TPO (Fig. 4) . Since previous studies with vanadate and genistein have implicated tyrosine phosphorylation/dephosphorylation in the regulation of O 2 Ϫ release, we evaluated the effects of these agents on TPO-induced priming of O 2 Ϫ release. The results obtained indicate that the priming effects of TPO on the release of O 2 Ϫ by PMN stimulated with FMLP was abrogated by pretreatment with genistein, which inhibits tyrosine kinase activity (35) and was potentiated by vanadate, which inhibits tyrosine phosphatases (36) (Fig. 6) . 
Effect of FMLP and TPO on p28 tyrosine phosphorylation in PMN.
The above results demonstrate that TPO, like other growth factors, exerts a priming effect on FMLP-induced PMN oxygen metabolites generation. It has been reported that in PMN physiological agonists and growth factors activate a similar pattern of protein tyrosine phosphorylation (37), suggesting that the priming effects exerted by a given growth factor may be due to the activation of signaling protein(s) that also mediate the agonist effect. To validate this possibility we evaluated the effects of FMLP and TPO alone or in combination on protein tyrosine phosphorylation by antiphosphotyrosine immunoprecipitation experiments. As shown in Fig. 7 A, both FMLP and TPO stimulated the tyrosine phosphorylation of a protein with an apparent molecular mass of 28 kD. When PMN were incubated with TPO for 2 min before the stimulation with FMLP, the band of immunoprecipitated tyrosine phosphorylated p28 protein was markedly increased. Time course experiments demonstrated that the tyrosine phosphorylation was rapid and transient since it was maximal 2 min after stimulation with FMLP and was almost completely abolished after 5 min (Fig. 7 B) . Vanadate was shown to determine a persistent increase of p28 tyrosine phosphorylation (Fig. 8) , suggesting that the rapid decrease in p28 tyrosine phosphorylation observed at 5 min (Fig. 7 B) was dependent on a tyrosine phosphatase activity. Genistein (10 M) prevented the phosphorylation of the p28 protein (data not shown). These results suggest that p28 may be a target protein for both FMLP-and TPO-induced tyrosine phosphorylation.
Effect of TPO on the production of IL-8 by PMN. IL-8 is produced and released by PMN after exposure to TPO. As shown in Fig. 9 A, TPO induced synthesis and release of IL-8 in a dose-dependent manner. The minimal effective dose of TPO was 0.05 ng/ml. As for FMLP, an early release of preformed IL-8 was observed 2 h after challenge with TPO. While the release of IL-8 induced by FMLP was significantly de- creased at 12 h, the effect of TPO was sustained and persisted, suggesting a neosynthesis of this chemokine (Fig. 9 B) . No significant release of IL-8 was observed when PMN were incubated with the vehicle alone (Fig. 9) or boiled TPO.
Discussion
TPO is considered a lineage-specific cytokine that regulates proliferation and maturation of committed cells leading to the production of megakaryocytes and platelets (3-7) and functionally activates mature platelets (8-10). The TPO receptor, c-Mpl, is expressed on cells of the megakaryocytic lineage from late progenitors to mature platelets (3-7) as well as on fetal liver cells, endothelial cells, and acute myeloblastic leukemia cells (1) . In addition, recent data demonstrate that TPO is also able to stimulate proliferation and differentiation of erythroid progenitors (13) and the proliferation of blast cells from various types of acute myelogenous leukemia (38) , suggesting that TPO may have a broad range of expression and biological activities. A large body of evidence indicates that TPO biological effects are mediated by a cascade of protein tyrosine phosphorylation including JAK2, STAT1, STAT3, and STAT5, Shc (19) (20) (21) (22) (23) (24) , and the p42 MAPK (8) .
In this study, we investigated the expression of c-Mpl as well as the ability of TPO to induce both protein tyrosine phosphorylation and functional activation of human PMN. It has been shown that c-Mpl is abundantly expressed on platelets, whereas it is not detectable in peripheral blood mononuclear cells (31) . Our study demonstrates that PMN, which have not been previously taken into consideration, clearly express c-Mpl.
PMN are terminally differentiated cells and do not undergo proliferation; however, tyrosine phosphorylation of intracellular molecules by different agonists seems to be involved in a number of functional activities such as superoxide anion production (39, 40) , regulation of integrin surface expression leading to the adherence of PMN to endothelial cells, regulation of microvascular permeability, leading to migration of PMN into inflammatory tissue (41) (42) (43) (44) , and modulation of apoptotic process (45) . Tyrosine phosphorylation of several peptides, including the oxidase known as p47 phox , the MAPK, and the MAPKK, was increased in PMN stimulated with FMLP, leukotriene B4, phorbol ester, and A23187 (46, 47) . Moreover, tyrosine phosphorylation of p93 fes , STAT1, and STAT3 as well as the formation of SIE complex containing both STAT1 and STAT3 have been reported in GM-CSF-stimulated PMN (27) . It is known that activation of STAT proteins leads to the formation of dimers that migrate to the nucleus and form stable complexes with specific DNA sequences (response elements) and stimulate transcription (48) . Three discrete complexes between activated STAT proteins and the serum inducible element (hSIE) of c-fos have been demonstrated upon EGF stimulation of A4131 cell proliferation (34) . These complexes seem to be formed by STAT1 or STAT3 homodimers or by heterodimers composed by the two STATs (34) . Similarly, TPOelicited mitogenic signaling leads to the induction of c-fos gene transcription through STAT1 and STAT3 activation (20) . Our finding that, in TPO-stimulated terminally differentiated PMN, the SIE complex contained STAT1 but not STAT3 is consis- tent with the observations that a given growth factor can stimulate different STATs depending on the proliferation/differentiation state of the target cells (24, 49) .
PMN play a critical role in nonspecific host defense by responding to chemoattractants leading to recruitment and accumulation of neutrophils at the inflammatory sites (50) . The recruitment of PMN to inflammatory sites of infection is mediated by the production of a number of chemoattractant mediators (51) . Among these, IL-8, which is produced by different cell types including PMN, differs from other chemoattractant mediators since it is highly selective for PMN migration into diseased tissues (52, 53) . Moreover, the capability of chemotactically stimulated PMN to release IL-8 indicates that these cells may be able to amplify their recruitment process at the inflammatory sites (52) . We found that TPO induced the release of IL-8, which unlike that induced by FMLP was still persistent after 12 h of stimulation, indicating a neosynthesis of the protein.
To kill invading microorganisms, PMN undergo an increase in their rate of oxygen consumption, known as respiratory burst (54) . The respiratory burst can be activated by a variety of particulate and soluble stimuli such as opsonized zymosan, phorbol esters, bacterial chemotactic peptides including FMLP (54) , and by some hemopoietic growth factors such as GM-CSF and G-CSF (15) . In addition, GM-CSF and G-CSF not only exert direct effects on PMN functional activation (15) but also indirect effects such as priming the response of these cells to a number of physiological stimuli (15) . This study shows that TPO, at variance with GM-CSF, is unable by itself to induce the respiratory burst but significantly enhanced this activity when PMN were subsequently stimulated with subthreshold concentrations of FMLP. This finding is in line with the recent demonstration that TPO by itself does not affect platelet aggregation but renders these cells more sensitive to other agonists (8) (9) (10) .
In c-Mpl transfected cells, TPO specifically induces a rapid and brief tyrosine phosphorylation of a 28-kD protein (55) . We found that a protein with a similar molecular mass becomes tyrosine phosphorylated both in FMLP-and TPO-stimulated PMN and that, when TPO was added before FMLP, the p28 tyrosine phosphorylation was markedly increased. Although there is no evidence that this p28 is similar to that previously described in c-Mpl transfected cells (55) , it is noteworthy that the tyrosine phosphorylation of a p28 may be involved in the signaling pathways of PMN functional activation. This hypothesis is supported by the observation that (a) vanadate determined a persistent increase of a p28 tyrosine phosphorylation and a marked potentiation of the priming effect of TPO on the release of O 2 Ϫ by PMN stimulated with FMLP and (b) genistein abrogated the phosphorylation of the p28 protein (data not shown) and the priming effect of TPO.
In conclusion, the results of this study demonstrate that TPO induces in PMN STAT1 tyrosine phosphorylation and the formation of an SIE complex containing STAT1 and stimulates the activation of PMN by inducing IL-8 release and by priming these cells to oxygen metabolite production. These data demonstrate that TPO may not only stimulate proliferation, differentiation, and functional activation of cells of the megakaryocytic lineage but may also enhance the antimicrobial defense by a direct action on PMN. It is known that the potent system evolved in PMN for the purpose of microbial killing can also produce and/or exacerbate both acute and chronic inflammatory states. Thus, the observation that TPO effects on PMN were obtained with physiological concentrations of TPO (56) may be taken into consideration in view of an in vivo therapeutic administration of this cytokine. 6 PMN were challenged with 0.05 ng/ml TPO or 1 nM FMLP and IL-8 was measured in the supernatant at various times by ELISA. Data are expressed as meanϮSE of three individual experiments performed in duplicate. ANOVA with Dunnett's comparison test was performed within the experimental group of PMN incubated with vehicle alone (white bars) and the experimental groups of PMN incubated with TPO (1 ng/ml, striped bars) or FMLP (1 nM, black bars) (*P Ͻ 0.05).
